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Abstract—With the advancement of the idea of HVDC grid,
it becomes imperative to study the interaction of controller
and identification of modes of oscillations. The paper presents
the complete model of HVDC grid with detailed modeling
of controllers, phase lock loops (PLLs), dc grid and the ac
systems. An analytical method combining participation factors
and eigen-sensitivity is proposed to determine the relative
stability of the HVDC grid with respect to parameter variations.
The paper also proposes the identification of inter-area and
controller interaction modes on the basis of nearest distance
between the eigenvalues using the derived sensitivity indices.
The critical parameters are varied in a mixed short circuit ratio
(SCR) HVDC grid and predictions from the analysis method are
confirmed with time domain simulation in PSCAD simulator.
Index Terms—Controller gain, dc grid, Multi-terminal direct
current system, small signal model, etc.
I. INTRODUCTION
The renewable energy sources have been envisaged as a
major source of energy generation for future. These energy
sources are often located in remote area and away from
the load centers due to environmental, economic and social
issues [1]. The integration of renewable energy sources is
a challenge because of system stability concerns amongst
other problems. Usually, overhead transmission line is used
for interconnection of renewable energy sources over short
distances.
For long distance transmission, HVDC line may turn out to
be more economical and preferred option. The use of HVDC
transmission may facilitate use of underground cables, which
can overcome environmental challenges [2]. The use of
HVDC system eliminates the need of reactive power com-
pensation for long transmission lines and provide enhanced
power transfer capability [3]. The line commutated converter
(LCC) based HVDC system is generally constructed and
operated as point to point scheme. These LCC based HVDC
systems have large reactive power requirement and voltage
polarity reversal is required to reverse direction of power
flow. This limits the application of LCC based system to two
terminal systems or radially connected MTDC system [4].
During last couple of decades, the significant advancements
in semiconductor technology has lead to development of
voltage source converter (VSC) based HVDC technology.
The major benefits with the use of VSC technology are
increased of control capability and ease of power reversal,
apart from independent active and reactive power control [5].
The power reversal in VSC based HVDC systems is achieved
by changing current direction. Hence, the application of VSC
in MTDC system is feasible along with extension to HVDC
grids [3].
Lokesh Dewangan and Himanshu J. Bahirat are with the Department
of Electrical Engineering, Indian Institute of Technology, Bombay 400076,
India (e-mail: lokeshd@iitb.ac.in; hjbahirat@ee.iitb.ac.in).
The large geographical distance between load and gen-
eration centers along with naturally distributed nature of
renewable energy sources may indicate feasibility of HVDC
grids or MTDC system [6]. In addition, asynchronous ac
generation could be easily connected to the ac grid. The
operation of MTDC system presents several challenges es-
pecially related to control of dc bus voltage and power flow.
A common practice for point to point HVDC schemes is to
control dc voltage at the rectifier terminal and use real power
control at the inverter terminal. The renewable energy sources
are intermittent in nature therefore converters have to work
on both modes for flexible power transmission.
A large body of research has been done on the control
related issue of MTDC system [7] [8] and [9]. In all
control schemes, the primary level controllers are simple
PI controllers. These controllers are usually designed and
analyzed using static model and studied in time domain with
a convenient system parameters. A numerical approach to
study the stability of a VSC by varying the PLL gains and
SCR is presented [10]. In [10], the studies were conducted
with fixed parameters of outer loop controller. In [11], the
parameter variation of outer loop controller is also considered
for VSC working in both operating modes and proposed the
use of robust or advance controller for VSC connected to a
wind farm. In [12], authors propose replacement of PLL by
power synchronization control for VSC connected to weak
grid. This however results in increased controller complexity.
The [10]-[12] are noticed to have one converter or point to
point HVDC system.
The dc grid is represented by pi model of the transmission
line to avoid complexity in small signal model. In [13], dc
network is implemnted using casecaded pi model and analysis
is done for strong grid. The PCC voltage is assumed constant,
hence the implementaion of power control loop is not suitable
for weak grid. The stability analysis of dc grid has become
a wider research area due to increasing possibility of dc
resonance as the number of nodes and branches increase
[14]. These dc resonance frequencies become dominant as
the length of line is increased, this also limits the bandwidth
of direct voltage control (DVC) [15]. The higher bandwidth
of the DVC limits the maximum power transfer capability and
low bandwidth leads to deterioration of system performance.
Apart from the parameters of dc grid and ac system, the
operating points of VSC also affect the stability of the system
[16]. For stability assessment, a small signal model of the
complete MTDC is required. In [17], modeling of MTDC
grid, the outer loop is implemented using direct expression
of power however it is applicable for strong grid. In [18]
and [19], the modelling of VSC based MTDC system is
presented, in which feedforward loop is not included and
damping controller is added to avoid power oscillation. In
[20], the interaction between controller for radial network
is discussed. The terminal voltage of converter is calculated
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Fig. 1: Single line diagram of MTDC system and its control
by multiplication and division of fixed dc voltage, which
eliminates the influence of dc dynamics on ac side. The
impact of dc grid is a result of dc droop control. In [21],
Interaction between grid side converter of wind turbine
and HVDC converter interaction is presented. In [22], the
interaction between HVDC converter and AC dynamics is
presented in time domain simulation. In [23], the interaction
between MTDC system and ac power systems is discussed,
however this method is applicable only if one dominant pair
of each system is near to each other. There is still research
gap on controller interaction of HVDC grid when converters
are connected to ac systems with mix of SCR values.
This paper aims to address the research gap to HVDC
grid with multiple SCR ratio by first improving the model
of dc grid and detailed dynamic model of HVDC grid. The
paper uses the developed small signal model to determine
the modes and participation factor for various states on
the system operation. The mode participation factor method
is further augmented with parametric sensitivity analysis
in other to identify local and inter-area modes along with
the identification of controller interaction. The method is
further demonstrated to be suitable for easily identifying
and specifying the stability margin of the HVDC grid with
parameter variation. Finally, the prediction and identified
limits are confirmed with detailed time domain simulation
using PSCAD.
The organization of the paper is as follows: Section II dis-
cusses the combined modeling of the ac and dc systems. The
linearized model of the ac-dc system and their augmentation
is also presented. In section III, mode participation factor
and augmentation of sensitivity is presented to determine
the local and inter-area mode along with identification of
controller interaction. The validation of derived condition
with simulation results is presented in section IV.
II. MODELING OF HVDC GRID
Fig. 1 shows a four terminal MTDC system with four
VSCs connected to four different ac systems with five dc
transmission lines interconnecting them. The MTDC system
consists of ac system, dc grid, VSCs and its control. In Fig.
1, a detailed representation of converter station is shown at
terminal-2 (T2) of MTDC system.
A. Ac system modeling
Fig. 1 shows a VSC at T2 connected to an ac grid through
filters and transformer along with its control. A PLL is
used to estimate frequency of the grid, which is also used
for decoupling control design. The reference and measured
values are input to the converter control to control power and
ac voltage. Further, the modulating signal in dq frame mdq
is generated by the controller and converted to mabc using
inverse Park’s transformation. The mabc values are then used
for firing pulse generation with the sinusoidal pulse width
modulation (SPWM) technique. The dynamic equations for
VSC on the ac side of the converter are given by (1)
Lc
d
dt il,abc = −Rcil,abc + Vc,abc − Vo,abc
Lg
d
dt io,abc = −Rgio,abc + Vo,abc − Vg,abc
Cf
d
dtVo,abc = il,abc − io,abc
 (1)
where Rc and Lc are the aggregated resistance and induc-
tance of the phase reactor/filter, respectively; Rg and Lg are
the grid resistance and inductance, respectively; a capacitor
Cf at the point of common coupling (PCC) is used to
filter out higher order harmonics. The systems of equations
in (1) is transformed into dq domain using synchronously
rotating frame of reference that facilitates design of simple PI
controller for decoupled control of real and reactive powers.
The inner current loops are simple PI controllers that are
approximately ten times faster than outer loops [5]. A voltage
feed-forward term is included to avoid the starting transient
and noise interference.
B. Converter and controller model
The time average model of the VSC is considered for
small signal analysis of MTDC system. The modeling of
conventional vector control which consists of PLL, decoupled
inner current control and outer control loop is discussed in
details by the authors in [16]. It is observed that modeling
of VSC generally assumes multiplication and division by
constant dc voltage. This eliminates the influence of the dc
3voltage dynamics on the modulation index calculations. Thus,
the dc dynamics do not appear to influence the ac dynamics.
In this paper, measured dc voltage is used, with appropriate
model of the filter, since it reflects the changes on the dc
side to the ac side.. The algebraic equation of converter ac
terminal voltage is given by (2)
Vc,d =
Vdc
Vdc,f
(KiP (id,ref − ild) +KiIγld + Vo,d − ωpllLcil,q)
Vc,q =
Vdc
Vdc,f
(KiP (iq,ref − ilq) +KiIγlq + Vo,q + ωpllLcil,d)
(2)
where Vdc and Vdc,f are dc voltage and filtered dc voltage
respectively.
C. Modeling of dc system
The dc system of four terminal MTDC of Fig. 1 is con-
sidered to be designed with 300 kV XLPE cables connecting
the terminals. The dc cables are represented by pi equivalent
model. The equivalent capacitance (Ceqn) is obtained by
combining dc bus capacitance with capacitance of the cables,
where n represents the terminal at which combination is
done. Equation (3) is obtained by applying KCL at each
terminal. The summation of current is obtained since several
cables are connected at each terminal.
Ceqn
dVdcn
dt
=
Pdcn
Vdcn
±
M∑
m=1, m 6=n
idc(nm) , (3)
Ldc
didc(nm)
dt
=Vdcn − Vdcm −Rdcidc(n,m) , ∀m 6= n, (4)
where n and m are index of terminals. n = 1, 2, .N ;m =
1, 2, .M. Vdcn and idc(nm) are the n
th bus voltage and
line current between nth and mth bus, respectively; Pdcn
represents power being exchanged by nth VSC. Equation
(3) is linearized around the operating point. The state space
representation of the linearized dc system is given by (5)[
∆V˙dcn
∆i˙dc(n,m)
]
=
[
Fn
] [ ∆Vdcn
∆idc(n,m)
]
+
[
En
] [∆Pdcn
0
]
, (5)
where Fn and En are state and control input matrices
respectively.
D. State space model of MTDC system
The state space model of a single terminal then obtained by
augmenting the linearized state space models of ac system,
converter and dc system and is given by (6).
∆X˙n = An∆Xn +Bn∆Ivsc,n + En∆Un
∆Yn = Cn∆Xn +Dn∆Un,
 (6)
where
Xn =
[
x1 x2 x3 x4 γP γQ γld γlq θpll ω
il,d il,q Vo,d Vo,q io,d io,q Vdc x5
]
The state variables (x1, x2, x3, x4 and x5) are correspond-
ing to the filters dynamics; γP and γQ are states of outer
control loop; γld and γlq are states of inner control loop.
Equation (7) gives the state space model for the entire MTDC
system obtained by augmentation.

∆X˙1
∆X˙2
. . .
∆ ˙XN
∆ ˙idc(n,m)
 =

A1 0 0 0 B1
0 A2 0 0 B2
0 0 . . . 0 . . .
0 0 0 AN BN
F1 F2 . . . FM G


∆X1
∆X2
. . .
∆XN
∆idc(n,m)
+

∆E1
∆E2
. . .
∆EN


∆U1
∆U2
. . .
∆UN

(7)
where F and G are the matrices related to the dc system. An
and Bn are state and control matrix of each VSC respectively.
In this space-state model, each converter station has 16 states
(6 states are controller state, 6 states are ac system dynamics,
4 states are filter dynamics) and dc system has 13 states (4 dc
terminal voltages, 4 filtered dc voltages and 5 line currents).
The control input to the system is u = [Pref Vdc,ref ]. The
derived model is validated with non-linear model of HVDC
grid implemented in PSCAD.
E. System description
The MVA rating of each VSCs are 600 MVA and its
primary control modes are depicted in the Fig. 1. The param-
eters of the converter station, controllers and dc transmission
lines are given in the Table I and II. The T2 and T4 are
connected to systems having low SCRs, for example: wind
farm, are 1.5 and 1.8 respectively. The T2 and T4 are assumed
to be in inversion and rectification mode with active and
reactive power controllers respectively. Terminals T1 and T3
are working in rectification and inversion mode respectively.
T1 is provided voltage controller to regulate the dc voltage
of entire grid and T3 is equipped with active and reactive
power control. The terminals T1 and T3 are connected to ac
grid having SCR of 3.2 and 2.0. According to IEEE 1204-
1997, T2 and T3 are classified as very weak and weak grid
respectively.
TABLE I: Parameters of the VSC and dc grid
Parameters Actual value Parameters Actual value
MVA 600 MVA Rdc 0.0121 Ω/km
Vac 300 kV Ldc 0.1056 mH/km
MW 600 MW Cdc 0.2961 uF/km
Vdc 600 kV Cvsc 66.66 uF
Cf 3.12 uF length of cable1 120 km
Lc 71.6 mH length of cable2 200 km
Rc 0.225 Ω length of cable3 80 km
Lg 50-460 mH length of cable4 160 km
Rg 1.975 Ω length of cable5 160 km
TABLE II: Parameters of the Controllers and Filters
Controllers and filters values
Inner controller (KiP , K
i
P ) (Lc/τi, Rc/τi, τi = 1ms)
PLL controller (KpllP , K
pll
I ) (10-100, 50-500)
Power controller (KPP , K
P
I ) (0.1, 100)
Voltage controller (KdcP , K
dc
P ) (2.25, 100)
Voltage filter (Tmvd, Tmvq) (0.02, 0.02)
Current filter (Tmid, Tmiq) (0.0012, 0.0012)
It is usually observed in expansive networks that there
exist interaction between regions that are separated by large
distance. In addition, it is also observed that there is a
local interaction between generators. It is expected that such
interaction will exist when HVDC grid is built. Thus, the
system model derived in this section will be used in the
subsequent section to identify the modes of interaction and
define the stability boundaries, which may be dependent on
system parameters.
III. ANALYSIS AND IDENTIFICATION OF INTERACTIONS
In a literature, various methods (like Prony, Eigenvalue
realization and matrix pencil) are used for electromechan-
ical oscillation identification of power system. However,
the modes are classified based on state participation [24].
With reference to system model derived in the section, the
controller states are the state variables and system parameters
form the state matrix. In the power system literature, the state
matrix is usually used to identify the eigenvalues and mode
of interaction. From the point to point HVDC literature, it
4is observed that the PLL gains and the corresponding SCR
impact the stability. Usually, weak grids are considered and
controller design for outer loop is done with a bandwidth
which is 5 to 10 times higher than a bandwidth of PLL. It
may be possible that during certain operating condition, there
might be an interaction between the PLL and controller of an
outer loop. This problem of interaction may get worse when
HVDC grids are constructed. Especially, when ac systems
have different SCR values.
In a case of HVDC grid as well, the eigenvalue anal-
ysis can be used to identify the modes. The well-known
participation factor analysis could be used to analyze the
impact of parameter variation on these modes. However, the
participation factor method does not provide any information
on the stability margin or degree of interaction between the
modes. Thus this paper extends the participation analysis
further with the help of sensitivity analysis to define the
boundary condition to ensure the stability and also define
the method to identify the degree of interaction.
A. Mode identification
This section summarizes the participation factor method
and the eigenvalue analysis. In [16], the variation of PLL
gain KpllP and grid inductance Lg caused huge variation on
two dominant eigenvalues. Therefore, it may be concluded
that only a few states of the converters are responsible for
the interaction. These states may be identified using state
participation. For eigenvalue analysis state matrix (Asys)
from (7) is used. The state participation factor corresponding
to Asys is given by (8)
Pok = Y TokXko (8)
where Xok and Yok are the left and right eigenvectors for
oth state and kth eigenvalue respectively. Pok shows the
participation of oth state on kth eigenvalue. The classification
and identification is done on the basis of the magnitude and
phase of the participation factors.
The state matrix is made by augmenting the state of various
terminals. Hence the participation factor corresponding to
VSC is defined by (8), which combines the impact of the
state variables of the given VSC on the particular mode.
This facilitates easy identification of the criteria for mode
classification. It can be easily seen that the algebraic sum of
the participation factor of VSC is one.
N∑
n=1
PV SCn = 1 (9)
Thus if a mode with PV SCn greater than 0.3 is considered
to be impacted by the V SCn under consideration. This
mode is then defined as the local mode. If the participation
factor (PV SCn ) of more than one terminals is greater than
0.3 then the mode is defined as an inter-area mode. The
participation factor corresponding to particular frequency
may itself be dominated by state variable corresponding to
electrical quantity or controller states. If PV SCn is dominated
by a controller states and mode is identified as local mode
then it is termed as local control mode (LCM). On the other
hand, if a mode is identified as an inter-area mode then
the interaction is termed as inter-area control mode. The
condition correspond to local and inter-area control mode
(ICM) are given by (10)
LCM : PγP k ≈ Pωk,PγP k ≈ Pθpllk,
PγQk ≈ Pωk,PγQk ≈ Pθpllk, (10)
ICM : PXok ≈ PXqk ∀o 6= q
It is observed that for HVDC grids the controller mode
may be dominant mode because of fast dynamics. The
real part of the participation is a necessary condition for
classification but it does not provide complete information
about the nature of the oscillations. If the tendency of the
state participation factor is to reduce the absolute real part
of the eigenvalue then it makes the system more oscillatory.
Whereas it increases the absolute value of the system be-
come more stable. This can be easily observed from eigen
sensitivity
B. Sensitivity analysis
In this section, the sensitivity of the HVDC grid is derived
and consequently some analytical boundary conditions are
obtained for smooth operation of HVDC grid. The eigen
sensitivity for matrix Asys corresponding to HVDC grid can
be obtained by solving (11)
∂λk
∂q
= Y Tk
∂Asys
∂q
Xk (11)
If the parameter corresponds to the diagonal element of
Asys, the eigen sensitivity is equal to the participation factor.
In the case of the off-diagonal element, the eigen sensitivity
is not directly related to the participation factor. The elements
of the state matrix (Asys) depend upon the parameters like the
controller and PLL gain and the grid inductance. The change
in eigenvalues corresponding to changes in the parameter can
then be given by (12)
∆λk =
J∑
j=1
Y Tk
∂Asys
∂qj
Xk∆qj (12)
Based on the literature survey and the demonstration from
result section IV, it is seen the most important parameter
impacting the stability are the PLL gain and grid inductance.
The grid inductance can also be though as the measure
of SCR. With consideration of these parameters, only the
derivative matrix is obtained to be a sparx matrix, which
facilitates the development of analytical relationships. The
sensitivity coefficient of the dominant mode identified by the
analysis presented in a section is then obtained to be equal
to (13) and (14).
∆λk = Y
T
k
[
∂Asys
∂KpllnP
∆KpllnP +
∂Asys
∂Lgn
∆Lgn
]
Xk (13)
∆λk =
[
∂λk
∂KpllnP
∆KpllnP +
∂λk
∂Lgn
∆Lgn
]
(14)
The further expansion of the sensitivity with respect to
KpllP proportional gain is then given by (15) and it is seen
to be dependent on the value of filter capacitance, the d-
axis voltage, capacitance and frequency of the corresponding
VSC.
∂λk
∂KpllnP
= l(k,N+10)
[
Vo,dr(N+10,k) −
r(N+12,k)
Cf
(15)
+
r(N+14,k)
Cf
− wr(N+15,k) + 5r(N+16,k)
]
5∂λk
∂Lgn
= l(k,N+13)
[
Vmsin(δ)r(N+9,k) +Rgr(N+13,k) + r(N+15,k)
L2g
]
+l(k,N+14)
[
Vmcos(δ)r(N+9,k) +Rgr(N+14,k) + r(N+16,k)
L2g
]
(16)
In (15), l(k,N+10) and r(N+10,k) represent the element of
the left and right eigenvector corresponding to kth eigenvalue
respectively. Here the row index of the element depends upon
the serial number of the converter (n). Thus for the T3,
the index would be 18(3-1)+10 = 46 element. Based on the
analysis it is observed that the sensitivity index (15) is large
invariant when d-axis voltage and the element r(N+16,k) are
changed. Hence reduced index is given by (17)
∂λk
∂KpllnP
= l(k,N+10)
[
− r(N+12,k)
Cf
− wr(N+15,k) +
r(N+14,k)
Cf
]
(17)
The new eigenvalue corresponding to change in PLL gain
KpllP and grid inductance Lgn can then be obtained.
λnewk = λ
old
k +
∂λk
∂KpllnP
∆KpllnP +
∂λk
∂Lgn
∆Lgn (18)
The stability index now can be defined as the real part of
the eigenvalue and sensitivity coefficient. The condition to
ensure stability is thus given by (19)
|Re(λK
pll
P =Z
k )| ≤ |Re
[
∂λk
∂KpllP
∆KpllP
]
KpllP =Z
| (19)
The controller interaction and degree of interaction can
be further defined by the sensitivity coefficient and distance
between the dominant eigenvalues. The distance can basically
be obtained by looking the bandwidth of the corresponding
controllers. The approximate bandwidth of the controllers are
equal to real part of eigenvalues. Therefore distance between
two eigenvalues corresponding to controllers must greater
than four. The condition to avoid controller interaction is
thus given by (20)[(
Re(λk) +Re
[
∂λk
∂KpllP
]
−Re(λK)−Re
[
∂λK
∂KpllP
])2
+
(
Im(λk) + Im
[
∂λk
∂KpllP
]
− Im(λK)− Im
[
∂λK
∂KpllP
])2]1/2
≤ 
(20)
Above two boundary condition is applicable for other
parameters variation. Hence, the boundary condition for grid
inductance is not written due to repetition of same equation
with different variable.
IV. SIMULATION RESULT
The state matrix corresponding to four terminal HVDC
grid shown in Fig. 1 is constructed using the system parame-
ter given in Table I and II. Corresponding to HVDC grid the
eigenvalues and participation factor are determined using (7)
and (8). A single terminal has 18 states. The overall system as
pointed in section II has 77 states. Table IV gives the modes
for the four terminal HVDC grid along damping factor. A
particular mode is considered as dominant mode close to
imaginary axis and low damping factor. Thus, the modes on
the real axis close to origin may not be dominant mode.
The modes-7 to 14 shown in Table IV are not significantly
impacted by variation of system and controller parameters.
TABLE III: Test Cases for Mode Identification
Terminals T1 T2 T3 T4
Control Strategies Vdc, Q P,Q P,Q P,Q
Change in OM Inv Rec Inv to Rec Rec to Inv
Change in SCR 3.2 1.5 2 1.8 to 1.6
Change in KpllP 10 10 10 10 to 30
TABLE IV: Eigenvalues of HVDC grid
SN.  ξ f (Hz) SN. ξ f (Hz)
1 -2.9 ± 83.55 i 0.0347 13.31 24 -522.9 ± 13.11 i 0.9997 83.25
2 -7.46 ± 86.25 i 0.0862 13.78 25 -538.5 ± 6.8 i 0.9999 85.72
3 -14.25 ± 95.56 i 0.1475 15.38 26 -37.86
4 -1.52 ± 18 i 0.0843 2.87 27 -50.33
5 -14.01 ± 45.69 i 0.2931 7.61 28 -46.33
6 -9.54 ± 11.97 i 0.6231 2.44 29 -46.4
7 -74.82 ± 2947.6 i 0.0254 469.27 30 -201.1
8 -88.12 ± 2815.5 i 0.0313 448.33 31 -201.1
9 -87.82 ± 2797.8 i 0.0314 445.5 32 -16.72 ± 4.9 0.9596 2.77
10 -93.27 ± 2767.1 i 0.0337 440.65 33 -9.51 ± 0 i 1 1.51
11 -27.18 ± 2359.4 i 0.0115 375.54 34 -8.01 ± 3.06 0.9343 1.36
12 -30.19 ± 2197.8 i 0.0137 349.83 35 -4.25 ± 6.38 i 0.5541 1.22
13 -28.58 ± 2242.2 i 0.0127 356.89 36 -4.93 ± 5.69 i 0.6551 1.2
14 -32.08 ± 2223.9 i 0.0144 353.98 37 -6.48
15 -108.58 ± 1395.2 i 0.0776 222.73 38 -3.48
16 -102.97 ± 1031 i 0.0994 164.9 39 -50
17 -100.75 ± 943.42 i 0.1062 151 40 -50
18 -323.08 ± 527.51 i 0.5223 98.45 41 -3.12
19 -208.62 ± 458.06 i 0.4145 80.11 42 -3.14 ± 0 i 1 0.5
20 -196.77 ± 448.92 i 0.4014 78.01 43 -3.14 ± 0.01 i 1 0.5
21 -175.77 ± 428.12 i 0.3798 73.66 44 -3.14 ± 0.01 i 1 0.5
22 -441.26 ± 140.33 i 0.953 73.69
23 -559.69 ± 10.4 i 0.9998 89.09
Eigenvalues Eigenvalues
These modes are not dominant because they lie far from
imaginary axis and their movements are not significant to
cause instability. The modes-1 to 6 are dominant modes
because they are close to imaginary axis and low damping
factors. These modes are significantly impacted by variation
of system and controller parameters. Fig. 2-3 shows the
normalized state participation factor for dominant poles of
HVDC grid. As defined in section III, the impact of the states
of the VSC terminals is identified first. For given parameters
in section II-E, no interaction mode is found therefore Fig.
2 is plotted for T4 with SCR of 1.6. From Fig 2a, it can be
seen that mode-4 and mode-5 are impacted by states of the
T1, From Fig. 2b, T3 impacts mode-3 whereas T2 and T4 are
seen to have greater impact on mode-1, 2 and 6 respectively.
The combined impact of the VSC on the dominant mode is
given in Fig. 3. Three different conditions are considered to
identify controller interaction as given in Table III. From Fig.
3a it can be seen that all modes are local modes since each
mode is impacted by individual terminal.
On comparing Fig. 3a and Fig. 3b it is noted that the
participation indexes depends upon the operating condition
of the terminals. When T4 is changed from rectification to
inversion operation and vice-versa for T3, the impact on
mode-6 is changed from T4 to T3 and mode-2 and mode-3
have partial impact of both terminals. Mode-2 and mode-
3 transform into inter-area modes. From Fig. 3c and 3d,
the participation factors are seen to significantly impacted
by SCR and PLL gain of the converters. The change of
parameters also lead to transition of certain local mode to
inter-area mode and vice versa. The effect of change in
SCR depicted in Fig. 3c shows that the mode-1 and mode-2
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transition to become the inter-area modes whereas mode-3,
4, 5 and 6 remain to be a local modes. Fig 3c shows that
participation index of T4 increases in mode-1 when SCR
is reduced whereas that of T2 reduces. The participation
in mode-2 is reduced for T4 and increases for T2. Thus
it can be concluded that the operating condition and the
SCR have significant impact on the participation factor in
a certain modes. It also indicates that the transition of mode
is governed by these factors.
Fig. 3d shows that modes transition to become inter-area
mode when PLL gain for T4 is increased to 35 which
represent high bandwidth PLL. Mode-1 and mode-2, which
were local modes impacted by T2 and T4 respectively, are
transform into inter-area modes. Now, mode-1 and mode-2
have equal impact on T2 and T4. It can be concluded that the
PLL gain may increase inter-area oscillation. From the above
discussion one can not conclude regarding relative stability.
Thus Fig. 4 and 5 show the root locus and sensitivity plots
when PLL gain and SCR are changed respectively.
In Fig. 4a, the root locus of HVDC grid is plotted. Since
the bandwidth of the outer controller is usually close to 100
Hz, hence the range of PLL gain (KpllP ) of T4 is chosen to be
1 to 100. The six dominant eigenvalues identified earlier are
considered. The plots show only the second quadrant because
of symmetry about x-axis. The inter-area mode depends upon
converter parameters as well as operating point of other
converter. Hence, the PLL gain variation of T4 will affect
the dominant pole pairs of other terminals. As the PLL gain
is varied, λ1 and λ2 start to move towards right half plane.
The point at which λ1 and λ2 are near to each other, the
oscillation will be generated due to controller interaction.
The frequencies corresponding to controller interaction are
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obtained using (20) and is seen to be equal to 12 Hz
which correspond to gain of 35. The HVDC system becomes
unstable for KpllP ≥ 35. In Fig. 4b, the real component of
sensitivity plot of HVDC grid is depicted. The positive value
of sensitivity coefficient shows the pole movement towards
right half plane and vice-versa. The region in which the con-
troller interaction takes place, the sensitivity indies close to
each other. The sensitivity of λ1 and λ2 indicates the increase
of PLL gain will reduce relative stability of HVDC grid. The
sensitivity of λ2 is high between 1 to 25 as compared to λ1.
Thus the change in KpllP will repeatedly move λ2 towards λ1
leading to possibility of controller interaction. The conditions
of controller interaction and instability derived in (19) and
(20) are justified in the Fig. 4c. Fig. 4c shows eigenvalues
and corresponding change in eigenvalues when PLL gain
is changed. The point of intersection ∆λ − KpllP with the
eigenvalue indicates the boundary point at which system is
marginal stable. The system becomes unstable because the
change is greater than the real component of eigenvalue. For
λ1 this point of instability is seen at K
pll
P = 37. The point
at which the real component of eigenvalues cross each other
or come within the distance of 4 rad/s can be identified as
region of interaction. This is indicated in Fig. 4c by circle
of radius equal to 4 rad/s and seen to corresponding to 15 to
25.
Similar observation is obtained when the inductance/SCR
of T4 (Lg) is varied from 0.15 to 0.5 H. In Fig. 5a, the
root locus of HVDC grid is plotted. As the SCR is varied,
the λ1 and λ2 start to move towards right half plane.
The point at which λ1 and λ2 are near to each other, the
oscillation will be generated due to controller interaction.
The HVDC grid becomes unstable for Lg ≥ 0.29 H. In
Fig. 5b, the real component of sensitivity of HVDC grid is
Fig. 8: HVDC grid response on SCR changes (a) Power response (b)
Voltage response
Fig. 9: HVDC grid response on PLL gain changes (a) Power response (b)
Voltage response
depicted. The positive value of sensitivity coefficient shows
the pole movement toward right half plane and vice-versa.
The sensitivity of λ1 and λ2 indicate the variation of SCR
will reduce relative stability of HVDC grid. The sensitivity
of λ2 is high between 0.15 to 0.29 as compared to λ1.
Thus the change in SCR will repeatedly move λ2 towards λ1
leading to possibility of controller interaction.Fig. 5c shows
eigenvalues and corresponding change in eigenvalues when
SCR is changed. The point of intersection ∆λ−Lg with the
eigenvalue indicates the boundary point at which system is
marginal stable. The system becomes unstable because the
change is greater than the real component of eigenvalue. For
λ1 this point of instability is seen at Lg = 0.297. The point
at which the real component of eigenvalues cross each other
or come within the distance of 4 rad/s can be identified as
region of interaction. This is indicated in Fig. 5c by circle of
radius equal to 4 rad/s and seen to corresponding to 0.26 to
0.29.
The switched model of HVDC grid is implemented in
PSCAD. The SCR ratios and operating mode of each con-
verter are given in the section II-E. Fig. 6 shows the root
loci of HVDC grid when the power of T4 is varied from
0 to 1.5 pu. As the T4 power is increased the λ1, λ4, λ5
and λ6 are start to move towards right half plane and λ2,
λ3 and λ7 are away from imaginary axis. These conditions
were replicated in the PSCAD simulation by changing the
T4 power reference. Fig. 7a shows the change in power as
obtained from PSCAD simulation. The results are seen to
several frequencies and frequency spectrum is shown in Fig.
7b. From Fig. 7b, it is seen that 38 and 62 Hz are dominant
frequencies which are correspond to 12 Hz when transformed
to dq domain. The 12 Hz frequency is also seen in Fig. 8
and 9.
8Fig. 8a shows the power response of HVDC grid when
grid inductance (Lg4) is changed from 0.26 to 0.28 H. Severe
oscillation is observed on dc bus voltages. The power of T4
start to oscillates when SCR is changed however T2 which
has least SCR remains stationary initially. From Fig. 8b,
it is seen that the voltage across dc grid starts to oscillate
immediately at 18s. The power oscillation at T2 are triggered
only when dc voltage drops to 0.8 pu. This correspond to time
instant 18.4s in Fig. 8a and 8b. The power oscillation of T2
results in instability of HVDC grid. T3 does not show any
significant oscillation even when DC grid voltage starts to
deviate. This may be because of high SCR and power control
mode. The simulation model becomes unstable at Lg = 0.28
H whereas for small signal model instability is obtained at
0.29 H. This discrepancy due to damping factor which are
not included in linearized model.
Similar observation is obtained when the PLL gain KpllP
of T4 is changed from 10 to 50 at t = 18s. From Fig. 9a, it
is seen the power of T4 starts to oscillate immediately at 18s
whereas the power of T2 remain stationary initially. When
the grid voltages drop to 0.8 pu at 18.8s, the power of T2
starts to oscillation. This can be seen from Fig. 9a, and 9b.
The power oscillation of T2 results in instability of HVDC
grid.
V. CONCLUSION
The small signal model of HVDC grid is improved for
terminal interaction analysis of HVDC grid. The dc voltage
dynamic is included in ac dynamic equation to see the impact
of the dc grid. The local modes and inter-area modes of the
HVDC grid are classified using state participation matrix.
The modes transition depend upon the converter parameter,
controller parameters and operating point of the converters.
The participation of controller states on inter-area mode con-
firms the interaction between the controllers of the converters.
The range of PLL gain and SCR are identified to avoid
controller interaction and stable operation of HVDC grid
and it is analytically proved using the sensitivity analysis of
HVDC grid. The Controllers of two terminals interacts with
each other for certain value of PLL gain and SCR, therefore
proper tuning of PLL gains are required. The interaction
between controllers is demonstrated by varying the PLL gain
and SCR of one converter. The variation of PLL gain/SCR of
one converter puts limitation on other controller parameters.
The weak grid connected converter is highly influenced by
the parameter variation of other converter. This interaction is
verified by using non-linear model of HVDC grid.
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